Abstract. We expose the relation between the properties of the three-body continuum states and their two-body subsystems. These properties refer to their bound and virtual states and resonances, all defined as poles of the S-matrix. For one infinitely heavy core and two non-interacting light particles, the complex energies of the three-body poles are the sum of the two two-body complex pole-energies. These generic relations are modified by center-of-mass effects which alone can produce a Borromean system. We show how the three-body states evolve in 6 He, 6 Li, and 6 Be when the nucleon-nucleon interaction is continuously switched on. The schematic model is able to reproduce the main properties in their spectra. Realistic calculations for these nuclei are shown in detail for comparison. 
Introduction
The three-body problem has a long history from macroscopic celestial classical mechanics, e.g. Sun-EarthMoon [1] to microscopic quantum mechanics, e.g. the helium atom [2] , three nucleons [3] or three quarks [4] . The modern treatment was boosted by the formulation of the Faddeev equations [5] originally aimed at scattering problems, but also successfully applied for bound states [6, 7] . The more recent interest in bound-state halo structures and Borromean systems are by now fairly well understood in terms of the basic two-body interactions [8] . The success is at least indisputable for three-body systems with only one or a few bound states.
On the other hand, the corresponding three-body properties for positive energies (energies above breakup) are much less established although studied thoroughly for both short-and long-range interactions [2, 9] . Contributions from both short-and long-range interactions make computations numerically difficult. The three-body Coulomb problem itself is still considered unsolved [10] [11] [12] and three-body resonances for strongly interacting particles are still debated [13] [14] [15] [16] [17] . This is unfortunate, since the continuum structure often forms the basis in descriptions of the dynamic behavior of a given system. a e-mail: e.garrido@iem.cfmac.csic.es
Crucial properties of the continuum are revealed by information about the resonances and virtual states defined as poles of the S-matrix. Together with the discrete set of bound negative-energy states we also have a discrete set of unbound complex-energy states with their corresponding wave functions. For completeness also the continuous non-singular background states are needed, but the singularities of the scattering matrix are very often decisive. Important examples using different methods within few-body physics are astrophysical reaction rates [18] , adiabatic reaction processes arising at low energies or for large impact parameters [19] , three-body decays [20] , three-body resonances for Faddeev operators [21] , for nucleons [22] , for electrons and positrons [23] and four-body nuclear continuum states [24] . This list could be extended.
Continuum structure is in general more difficult than bound-state problems although various methods have been designed to overcome the technical problems at least for resonances, see for example [9, 15-17, 25, 26 ]. An understanding of the generic origin of S-matrix poles would be tremendously helpful especially if recognizable traces of a well-structured origin are left in the realistic spectra. No doubt this would allow easier interpretation of complicated numerical results, allowed design of better methods, and indicate which effects to look for in different contexts.
The purpose of this work is to investigate how the twobody interactions determine the three-body continuum 366 The European Physical Journal A structure. We focus on three-body continuum states where none of the two-body subsystems is bound (Borromean systems). When two-body bound states are possible, different three-body structures can appear, as for instance, unbound three-body states with negative energy. However, these systems can very often be understood as two-body systems made by a two-body bound state and the remaining third particle in the continuum. With the help of the hyperspheric adiabatic expansion method we determine what three-body bound or virtual states and resonances result from given sets of corresponding two-body properties. Taking a simple system as starting point, it is then possible to observe how the three-body states evolve in the complex energy plane when more and more realistic features are incorporated into the calculation.
In sect. 2 we give details about the complex scaled adiabatic expansion methods. In sect. 3 the schematic system of an infinitely heavy core and two mutually noninteracting light particles is described analytically, while in sect. 4 the general properties of the system are described after numerical studies of specific systems. In sect. 5 we relate the spectra from the schematic model with those obtained in realistic calculations for systems with zero ( 6 He, 6 Li, 6 Be) and non-zero core-spin ( 17 Ne). We finish in sect. 6 with some qualitative estimates for other systems and in sect. 7 we give a short summary and the conclusions.
The complex scaled hyperspheric adiabatic expansion method
To describe a three-body system we use the standard coordinates:
where m i , m j , and m k are the masses of the three particles and m is an arbitrary normalization mass. From the Jacobi coordinates we define the hyperspheric coordinates {ρ, Ω i }, where
and Ω xi and Ω yi give the directions of x i and y i , respectively.
The three-body wave function is written as a sum of three components ψ (i) (x i , y i ), each corresponding to one of the three possible sets of Jacobi coordinates [7] . These three components satisfy the three Faddeev equations
where T is the kinetic energy operator, V jk (x i ) is the twobody interaction between particles j and k, and E is the three-body energy. Here (i, j, k) is a cyclic permutation of (1, 2, 3).
We employ the hyperspheric coordinates to expand each component ψ (i) (x i , y i ) in terms of a complete set of angular functions φ
where the additional index n 0 labels different solutions we later on want to consider. Usually the expansion (3) converges rather fast, and only a few terms (typically no more than three) are needed. By rewriting eq. (2) in terms of the hyperspheric coordinates, and inserting the expansions in eq. (3) we separate the Faddeev equations into angular and radial parts:
whereΛ 2 is a hyperangular operator which together with expressions for the functions P nn (ρ) and Q nn (ρ) can be found in [7] . The complete set of angular functions φ (i) n in the expansion (3) are precisely the eigenfunctions of the angular part of the Faddeev equations. The index n labels the corresponding eigenvalue λ n , which enters in the coupled set of radial equations (5) as effective potentials. The index n 0 is related to the boundary condition for continuum wave functions, which for short-range interactions and no two-body bound states has the asymptotics given by [7] 
where n 0 then labels the incoming channel, the S-matrix S n0 n is a factor depending on the complex momentum κ related to the complex energy E by κ = 2mE/ 2 , and H (1)
K are Hankel functions of first and second kind. The hypermomentum K is given by the asymptotic behaviour of the angular eigenvalue λ n (ρ) that approaches K(K + 4) [7] .
For three-body bound states f (n0) n must fall off exponentially at large distances. Then only one Hankel function is present and the S-matrix S n0 n has a pole for the imaginary momentum κ (κ = i|κ|) and the energy E is negative. Poles of the S-matrix in the lower half of the complex momentum plane correspond to three-body resonances, and their asymptotic radial wave function is given only by the H 
K+2 grows like e |κ|ρ . This means that the radial coefficients of the continuum wave functions are dominated by the H (1) K+2 part. Therefore, it is very difficult to distinguish the resonance wave function, where
